Abstract Five truncated constructs of Xcc_est GDSL esterase from Xanthomonas campestris were heterologously expressed and purified. The truncated constructs with a RGD motif had higher specific activities than those without the motif. The specific activity of wild-type Xcc_est was 32.5 ± 2.7 U/mg, while the RGD mutant was 12.5 ± 4.9 U/mg. Moreover, we expressed mature forms of the Xcc_est protein and the RGD mutant as inclusion bodies and, after refolding, there was no significant difference between the two constructs in specific activity. These results suggest that the RGD motif affects the esterase-domain folding in vivo during the translocation process.
Introduction
Most GDSL esterases (Arpigny and Jaeger 1999) consist of two domains: one is a surface-exposed Nterminal passenger domain (or a-domain) that harbors an active site serine in a GDSL motif and other residues in the catalytic site; and the other is a C-terminal b-domain located in the outer membrane (Henderson et al. 1998) . A previous study cloned a GDSL esterase gene (Xv_EstE) from Xanthomonas vesicatoria DSM 50861 and over-expressed it in Escherichia coli (Talker-Huiber et al. 2003) . Recently, our laboratory also cloned and expressed a highly similar esterase Xcc_est from Xanthomonas campestris pv. campestris (Xcc) 8004 (Wang et al. 2009 ). Both esterase genes have a RGD (Arg-GlyAsp) tri-peptide motif in the linker region between the N-terminal domain and the C-terminal b-barrel domain. Here, we show that the RGD motif can affect N-terminal esterase function, suggesting that the motif is involved in the folding of Xcc_est in vivo during translocation.
Materials and methods
Bacterial strains, plasmids and culture media E. coli DH5a was used for cloning and E. coli BL21 (DE3) was used as the host for expression experiments. pET30a(?) was used for standard cloning experiments and expression constructs in E. coli. E. coli was grown in LB medium or on LB agar plates at 37°C. Kanamycin at 50 lg/ml was added to the medium for plasmid selection.
Extraction and purification of DNA Plasmid isolation was performed with the TIANprep Mini Kit (TIANGEN, Beijing, PR China) according to the recommended protocol. DNA was purified with the TIANgel Mini Kit (TIANGEN, Beijing, PR China) according to the recommended protocol.
Gene cloning and expression
Genes encoding different domains of Xcc_est were amplified by PCR with Red-Pfu DNA polymerase (BIOCOLORS, Beijing, P.R. China) and with pET30Xcc_est (the plasmid harboring the Xcc_est gene) as the template (Wang et al. 2009 ). The primers were designed based on domain and secondary structure prediction. Table 1 shows the primers used in this study, where restriction sites used for cloning are underlined. The PCR products were double-digested with NdeI and XhoI, and cloned into pET30a (?). Briefly, the constructs were transformed into E. coli BL21 (DE3) cells and grown overnight at 37°C. Then, 5 ml preculture was used for inoculation of a second 500 ml flask culture. Induction of esterase expression was performed at an optical density of 580 nm (OD 580) of 0.8, by adding IPTG to 1 mM. After 2 h incubation, the cells were harvested by centrifugation (4,000 g for 10 min).
Site-directed mutagenesis
Single mutations were introduced by the DpnImediated, site-directed mutagenesis method (Fisher and Pei 1997) . Mutagenesis of Asp345 to glycine was conducted with the primers in Table 1 (RtoS Fwd and RtoS Rev). The mutation was then confirmed by sequencing.
Refolding of inclusion bodies
After the signal peptide sequences were deleted, the mature forms of the constructs were expressed as inclusion bodies. Purification and refolding of inclusion bodies were performed in the same way for refolding E. coli outer-membrane phospholipase A as previously described (Dekker et al. 1995) .
Single-step purification of recombinant proteins
Purification on a Ni-chelating chromatography column was done with the protocol and buffer supplied by Novagen. Cells from 500 ml expression culture were suspended in 20 ml binding buffer and then 
Xcc_est Fwd/Rev and Xcc_estm Fwd/Rev are the primers used to amplify the Xcc_est gene and the gene of mature domain, respectively
Xcc_est Fwd and Xcc_estXXX Rev (XXX, the numbers represent the sequence number of amino acid residues) are the primers used to amplify the genes encoding Xcc_estN1-291, Xcc_estN1-345, Xcc_estN1-348, Xcc_estN1-425 and Xcc_estN1-425 proteins ( Fig. 1) Xcc_estm Fwd and Xcc_estXXX Rev are the primers used to amplify the genes encoding mature domains RtoS Fwd and RtoS Rev are the primers used for mutagenesis of Asp345 to glycine sonicated. The supernatant was applied to a 1 ml Novagen His Band gravity flow column which was equilibrated with 20 ml Ni-NTA binding buffer, then washed with 20 ml wash buffer. His-tagged proteins were eluted with 10 ml elution buffer. To remove imidazole in elution buffer, the eluate was applied to a GE HiTrap desalting column (GE Healthcare) equipped on the AKTA FPLC system (GE Healthcare) and eluted in wash buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl). The protein samples were collected and dialyzed against 5 l phosphate buffer (20 mM, pH 7.2) three times for 24 h and ready for use. Approximately 5.1 ± 2.9 mg of the recombinant proteins was purified from 2,000 mg crude proteins.
Esterase activity assays
Esterase activity was determined spectrophotometrically at 405 nm with 1 mM p-nitrophenyl butyrate (pNPB, Sigma) as previously described (TalkerHuiber et al. 2003) . The specific absorption coefficient at 405 nm was 10,400 M -1 cm -1 for p-nitrophenol. One unit of enzyme activity was defined as the amount of enzyme forming 1 lmol substrate per min under 37°C at pH 7.2.
Protein methods and SDS-PAGE
The protein concentration was determined with a BCA Protein Assay Kit (Pierce) with BSA as standard. SDS-PAGE was performed as described (Laemmli 1970 ) with a 6% polyacrylamide stacking gel and a 12% polyacrylamide separating gel.
DNA sequencing DNA-sequencing reactions were performed on plasmid template with ABI Prism BigDye terminator cycle sequencing ready reaction kits (Applied Biosystems) and an ABI PRISM 377 DNA sequencer (Applied Biosystems).
Bioinformatics analysis
The BLASTX program (Altschul et al. 1990 ) was used for protein homology searching. The SignalP Server was used for predicting protein signal peptides (Bendtsen et al. 2004 ). Prof Prediction was used for predicting protein secondary structures. Vector NTI (Informax) was used for sequence alignments.
Results

Expression and purification of five truncated constructs of Xcc_est and their mature forms
According to domain prediction, we constructed and expressed the truncated forms of the Xcc_est protein representing the passenger domain (Xcc_ estN1-291) and the passenger domain with a linker sequence (Xcc_estN1-345 and Xcc_estN1-348), respectively. To better understand the function of membrane domain and based on secondary structure prediction, we constructed Xcc_estN1-375 that constitutes the passenger domain and the first b strand of the membrane domain as well as Xcc_estN1-425 that constitutes the passenger domain and the first four b strands of the membrane domain, respectively. Both constructs had the truncated membrane domain (Fig. 1) . Fusion proteins were purified by Ni-chelating column chromatography (Fig. 2, lanes 7-12) . Considering a predicted signal peptide of 25 amino acids of Xcc_est (Bendtsen et al. 2004) , we expressed all the constructs in their mature forms as inclusion bodies after deleting the signal peptide sequence. Then we purified the inclusion bodies before refolding (Fig. 2, lanes 1-6) .
Specific activity of constructs and refolded mature constructs
Purified Xcc_est showed a relatively high specific activity, while the other truncated proteins showed much lower specific activities (Table 2) . Meanwhile, the truncated domains with the RGD motif showed a specific activity almost five times higher than those without the motif.
Among the mature constructs, only Xcc_estN26-606 showed a specific activity of 26.6 ± 7.9 U/mg after refolding with neutral detergent, while the other mature constructs could not be refolded.
Comparison of specific activity between Xcc_est and Xcc_estD345G
We mutated the 345th arginine residue (Arg 345 in the RGD motif) of the Xcc_est protein to glycine. The mutant (Xcc_estD345G) showed a specific activity of 12.5 ± 4.9 U/mg. Mature Xcc_estD345G protein (Xcc_estD345GN26-606) was also refolded and showed a specific activity of 23.1 ± 9.9 U/mg.
Discussion
The BLAST (Altschul et al. 1990 ) search for Xcc_est revealed 99% identity to the GDSL esterase Xv_EstE from Xanthomonas vesicatoria DSM 50861, which is another pathogenic variant of Xanthomonas campestris (Talker-Huiber et al. 2003) . Though most GDSL esterases (Arpigny and Jaeger 1999) consist of two domains, some studies report that a GDSL esterase has only surface-exposed N-terminal passenger domain (Casimir et al. 2004) . In order to increase the efficiency of heterogeneous expression, we aimed lane 2, lane 3, lane 4, lane 5, lane 6, lane 7, lane 8, lane 9, lane 10, lane 11, ; lane 12, Xcc_est; M, protein marker. Lanes 1-6, proteins are expressed in inclusion bodies and purified; and lanes 7-12, proteins are expressed in native forms and purified. Purifications were performed on Ni-chelating chromatography columns, and then the protein samples were collected and dialyzed. Approximately 5.1 ± 2.9 mg of the recombinant proteins could be purified from 2,000 mg of crude protein to identify the minimum esterase function domain by truncating the Xcc_est gene from the 3 0 -terminal. During the study, we found that the esterase activity was decreased when the membrane domain was impaired (Table 2) . Interestingly, we also found that the tripeptide RGD motif in the truncated Xcc_est protein substantially affected the remaining esterase activity (Table 2 ). To confirm this result, we mutated the arginine of RGD to glycine and found that this mutate had an esterase specific activity of 12.5 ± 4.9 U/mg; while the wild type Xcc_est was 32.5 ± 2.7 U/mg. The RGD motif is the cell attachment site of adhesive extracellular matrix and cell surface proteins, which can be recognized by integrins in their adhesion protein ligands (Ruoslahti 1996) . Previous studies showed that the integrity of the membrane domain is important for recovering the activity of passenger domain, and suggest that the membrane domain affects the activity most likely through facilitating the folding of the passenger domain (Henderson et al. 1998, Lee and Byun 2003) .
In our study, after in vitro refolding, mature Xcc_est showed a lower specific activity (26.6 ± 7.9 U/mg) than that of Xcc_est (32.5 ± 2.7 U/mg), suggesting that folding mechanism in translocation in vivo is more effective than that of refolding in vitro. Moreover, we found that the specific activity of Xcc_estD345G (12.5 ± 4.9 U/mg) was much lower than that of refolding Xcc_estD345GN26-606 (mature domain of Xcc_estD345G, 23.1 ± 9.9 U/mg), suggesting that the protein of Xcc_estD345G can not be folded properly in vivo without the aid of the RGD motif.
Based on these results, we speculate that the membrane domain of Xcc_est is also closely related to proper folding of the passenger catalytic domain. Considering the cellular function of the RGD motif, we propose that in the translocation process of Xcc_est, the RGD motif may act as an attachment site for some cellular surface proteins, and the anchor-hold protein may facilitate the folding.
